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Abstract 


Arcjet  thrusters  employ  an  arc  discharge  to  heat  propellant  which  expands  through  a 
nozzle  to  produce  thrust.  Spacecraft  designers  who  desire  to  exploit  arcjet  technology  have 
expressed  concern  about  interference  from  the  electromagnetic  environment  produced  by  the 
thrusters.  One  of  the  four  major  interest  areas  of  the  ESEX  program  was  to  determine  the 
electromagnetic  effect  of  operating  a  30  kW  class  arcjet  upon  normal  spacecraft  communications 
and  operations.  To  accomplish  this  task,  noise  levels  were  recorded  in  four  frequency  bands  (2, 

4, 8,  and  12  GHz)  by  two  onboard  antennas.  The  electromagnetic  noise  levels  observed  during 

all  arcjet  firings  were  indistinguishable  from  those  observed  during  the  baseline  non-firing 

periods.  Communication  bit  error  rates  were  also  measured  during  arcjet  firings  and  comparison 

with  non-firing <^E^)data  revealed  that  spacecraft  command  and  control  communications  were  ^ 

not  significantly  affected  by  arcjet  firings. 


Introduction 


The  Electric  Propulsion  Space  Experiment  (ESEX)  is  a  30  kW  ammonia  arcjet  sponsored 
by  the  USAF  Research  Laboratory  with  TRW  as  the  prime-contractor.  The  experiment 
objectives  (which  were  all  met)  were  to  demonstrate  the  feasibility  and  compatibility  of  a  high 
power  arcjet  system,  as  well  as  measure  and  record  flight  data  for  subsequent  comparison  te 
ground  results.  The  flight  diagnostic  suite  included  four  thermo-electrically-cooled  quartz 
crystal  microbalance  (TQCM)  sensors,  four  radiometers,  deck  and  boom  mounted 
electromagnetic  interference  (EMI)  antennas,  a  section  of  eight  gallium-arsenide  (Ga-As)  solar 
array  cells,  a  video  camera,  and  an  accelerometer.  ESEX  is  one  of  nine  experiments  launched  on 
23  Feb  99  on  the  USAF's  Advanced  Research  and  Global  Observation  Satellite  (ARGOS). 
ARGOS  was  launched  on  a  Delta  II  into  a  460  nautical  mile,  98.7°  inclination  orbit  and  operated 
from  the  RDT&E  Support  Complex  (RSC)  at  the  USAF  Space  and  Missile  Test  and  Evaluation 
Directorate  at  Kirtland  AFB,  NM. 
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The  ESEX  flight  system,  Figure  1,  included  a  propellant  feed  system,  power  subsystem  - 
including  the  power  conditioning  unit  (PCU)  and  the  silver-zinc  batteries,  commanding’ and 
telemetry  modules,  the  on-board  diagnostics  discussed  above,  and  the  arcjet  assembly.  ESEX 
was  designed  and  built  as  a  self-contained  experiment  -  thermally  isolated  from  ARGOS  to 
minimize  any  effects  from  the  arcjet  firings.  This  design  allowed  ESEX  to  function 
autonomously,  requiring  support  only  for  attitude  control,  communications,  radiation-hardened 
data  storage,  and  housekeeping  power  for  functions  such  as  battery  charging  and  thermal  control. 
A  general  results  summary  is  provided  by  D.R.  Bromaghim,  et  al. 1 

Figure  1.  Exploded  view  of  the  ESEX  flight  unit. 

Spacecraft  engineers,  with  the  responsibility  to  ensure  the  compatibility  of  spacecraft 
systems  and  payloads,  have  questioned  the  EMI  characteristics  of  arcjets.  Electromagnetic 
signatures  of  low  power  arcjets  have  been  studied  in  detail  by  NASA  and  TRW  in  ground  tests  ’ 
and  a  30  kW  class  arcjet  was  ground  tested  by  the  AFRL.4  This  report  concerns  the  ESEX 
objective  to  determine  the  influence  of  on-orbit  arcjet  firing  upon  spacecraft  communication. 
Two  types  of  quantitative  measurements  were  conducted.  Onboard  antennas  measured 
electromagnetic  radiation  in  the  gigahertz  range  communications  bands  during  all  eight  arcjet 
firings.  Bit  error  rates  were  measured  during  both  arcjet  firing  and  non-firing  periods  to  study 
the  impact  of  arcjet  operation  on  normal  spacecraft  communications.  The  30  kW  class  arcjet 
manifested  aboard  ESEX  is  the  same  design  as  the  arcjet  ground-tested  by  the  AFRL. 


Experimental  Equipment  and  Procedures 
EMI  Onboard  Test  Equipment 

The  EMI  unit,  designed  by  TRW,  measures  the  RF  noise  levels  received  by  onboard 
antennas  and  consists  of  an  electronics  unit^two  spiral  antennas  (deck  and  boom  mounted),  and 
the  connecting  cables.  The  unit  internally  switches  between  the  two  RF  inputs.  The  RF  input 
frequency  range  is  from  1.950  GHz  to  12.300  GHz  and  the  minimum  detectable  RF  input  level  is 
-165  dBm  (approximately  the  lower  thermal  noise  limit)5,6  with  a  15  dB  dynamic  range  for  both 
antennas.  The  selected  input  is  then  split  into  four  frequency  channels  (2, 4,  8,  and  12  GHz;  +/- 
5/%  bandwidth.)  The  output  of  these  filter  channels  are  then  amplified  and  converted  to  digital 
words  and  serially  transmitted  out  of  the  unit  as  telemetry  points  to  the  ARGOS  data  recorder. 
Before  each  arcjet  firing,  the  calibration  routine  was  invoked  and  in  all  cases,  proper  function  of 
the  unit  electronics  was  verified.  An  experiment  block  diagram  is  shown  in  Figure  2. 

Figure  2  -  EMI  Experiment  Block  Diagram. 

The  antenna  locations  are  shown  in  Figure  3.  The  deck  mounted  antenna  was  placed  on 
the  diagnostic  platform  at  a  position  in  direct  view  of  the  arcjet  anode,  horizontally  separated  by 
37.54  cm.  The  boom  mounted  antenna  was  placed  on  the  tip  of  a  boom  that  deployed  after 
launch.  This  single  deployment  boom  placed  the  antenna  138.5  cm  from  the  arcjet. 

Figure  3  -  Antenna  Positions  A)  Side  View;  B)  Top  View. 
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Bit  Error  Rate  Test  Procedure  and  Equipment 


The  impact  of  arcjet  firing  on  normal  communication  was  determined  by  comparing  the 
measured  bit  error  rate  (BER)  recorded  for  arcjet  firing  and  non-firing  periods.  Mission 
controllers  located  in  the  RSC  coordinated  Camp  Parks  Communication  Annex  (CPCA)  BER 
test  activities  with  the  remote  tracking  site  (RTS)  telemetry  acquisition,  commanding,  and 
wideband  data  dump  operations,  illustrated  in  Figure  4.  Prior  to  satellite  rise,  the  space  ground 
link  system  (SGLS)  transponder  is  activated,  broadcasting  an  S-band  signal  (in  this  case, 

1.81 1768  GHz)  from  the  satellite.  The  ground  tracking  station  receives  the  signal,  locks  to  it, 
and  then  transmits  an  S-band  carrier  wave  (in  this  case,  2.2655  GHz.)  All  of  the  BER  tests  were 
conducted  in  the  coherent  mode  for  which  the  satellite  oscillator  becomes  slaved  to  the  ground 
transmitted  master  oscillator.  A  momentary  loss  of  telemetry  is  noted  by  any  RTS  that  is 
receiving  a  signal  from  the  satellite  when  the  frequency  shift  occurs.  The  ground  station  then 
applies  the  modulated  signal  to  the  carrier  wave  and  initiates  the  BER  test.  The  uplinked  signal 
is  mapped  directly  onto  the  downlinked  carrier  in  a  manner  that  bypasses  the  encryption  scheme, 
thus  avoiding  problems  associated  with  unknown  numbers  of  sympathetic  bit  flips.  Bit  errors  are 
recorded  as  a  function  of  time  with  1-second  resolution. 

Figure  4  -  Overview  of  BER  Test  Assets.  Advanced  Research  Global  Observation  Satellite 
(ARGOS);  Electric  Propulsion  Space  Experiment  (ESEX);  Space  Ground  Link  System  (SGLS); 
Camp  Parks  Communication  Annex  (CPCA);  Remote  Tracking  Station  (RTS);  RDT&E  Support 

Complex  (RSC) 

For  the  BER  test,  the  pseudorandom  noise  (PRN)  code,  used  for  SGLS  range  and  range 
rate  data  recording,  is  replaced  by  a  2047-bit  pattern  code.  This  code  is  designed  to  emulate 
normal  data  bit  patterns  and  avoids  signal  resonances  that  can  be  established  in  the  electronic 
equipment  for  cases  in  which  the  bit  pattern  period  is  too  short,  e.g.,010101.  A  bit  comparer - 
(Fireberd  6000)  generates  the  code  and  compares  the  transmitted  and  received  patterns, 
recording  the  number  of  bit  errors  per  second.  The  BER  test  in  this  configuration  was  proven  in 
a  trial  with  MSTI-3  and  was  successfully  employed  throughout  the  ESEX  program  for  a  variety 
of  test  conditions.7 

The  CPCA  in  Dublin,  California  served  as  the  ground  station  for  all  BER  tests.  The  10 
meter  parabolic,  prime  focus  antenna,  “the  B-side,”  has  an  uplink  gain  of  39.6  dB,  a  downlink 
gain  of  23.6  dB,  a  beam  width  of  1.1  degrees,  and  a  slew  rate  of  6  degrees  per  second.8  The 
parameter  space  of  uplink  transmitter  power  and  modulation  index  were  explored  prior  to  the 
first  arcjet  firing  to  empirically  establish  values  set  for  the  remainder  of  the  testing  period. 
Attempts  to  vary  the  uplink  power  were  frustrated  by  amplitude  drifts  during  the  tests  because 
the  Class  C  amplifier  is  designed  only  for  constant,  maximum  output  power  rather  than  for 
variable  control  of  the  output  power.  The  majority  of  BER  test  data  was  obtained  with  an  output 
power  of  200  W.  The  first  two  arcjet  firing  BER  tests  were  conducted  with  an  output  power  of 
100  W.  A  modulation  index  of  0.6  was  determined  to  be  ideal  and  was  used  for  the  majority  of 
baseline  BER  test  data  acquisition.  At  the  minimum  slant  range,  the  number  of  errors  per  second 
was  about  lO^but  for  the  limits  of  30  seconds  after  acquisition  of  signal  and  30  seconds  prior  to 
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loss  of  signal,  the^error  rate  was  not  high  enough  to  force  sync  losses  (the  loss  of  data  frame 
synchronization^  • 


Results  and  Discussion 

Onboard  Antenna  Measurements 

A, 


The  on-board  antennas  were  designed  to  measure  radiation  emitted  by  the  arcjet  that 
might  cause  electromagnetic  interference  (EMI).  Though  data  was  gathered  for  each  of  the  eight 
firings,  during  quiescent  spacecraft  periods,  and  during  routine  spacecraft  operations,  only  slight 
variations  were  observed  in  the  measured  signals.  All  of  the  features  observed  during  the  course 
of  ESEX  are  represented  in  data  collected  about  the  time  of  arcjet  firing  #;7,  as  shown  in  Figure 
5.  The  EMI  unit  is  powered  on  approximately  10  minutes  prior  to'arcjet  ignition  and  remains 
active  for  20  minutes.  One  minute  after  the  EMI  unit  turns  on,  a  calibration  routine  is  run  to 
verify  the  state  of  health  of  the  electronics  unit.  This  is  characterized  by  a  dip  in  the  signal 
because  the  antenna  inputs  are  taken  offline,  22:01  to  22:02  Z  in  Figure  5. 

In  general,  the  deck  and  boom  mounted  antennas  register  identical  data  values,  with  the 
occasional  exception  of  the  4  GHz  channel,  in  which  the  deck  antenna  value  is  often  one  dBm 
lower  than  the  boom  antenna  value.  It  should  be  noted  that  the  resolution  is  1  dBm  and  that 
fluctuations  between  neighboring  values  could  be  the  result  of  radiation  levels  almost  matching 
the  threshold  level  between  two  digital  bins.  Such  oscillations  are  observed  between  -164  dBm 
and  -163  dBm  in  the  4  and  12  GHz  boom  mounted  antenna  data.  The  8  GHz  value  is  always  the 
largest  at  -162  dBm  and  the  12  GHz  data  is  almost  always  the  smallest  at  -164  dBm,  just  one 
unit  above  the  minimum  digital  output  value. 

TRW  specified  the  input  frequency  channels  to  coincide  with  popular  communication 
bands  (S-band,  X-band,  etc.)  for  the  purpose  of  identifying  any  electromagnetic  interference 
generated  by  the  operation  of  a  high  power  arcjet.  Comparison  of  the  onboard  antenna 
measurements  for  all  eight  arcjet  firings  with  non-firing  periods  did  not  reveal  any  readily 
apparent  differences,  suggesting  the  operation  of  the  26  kW  arcjet  did  not  generate  EMI  signals 
in  the  measured  bands.  This  result  compares  well  with  ground  test  data  that  show  the  majority  of 
measurable  signal  at  lower  frequencies.  A  more  in-depth  analysis  of  the  antenna  data  from  both 
firing  and  non-firing' periods  will  be  conducted  and  presented  at  a  later  date. 

Figure  5  -  Representative  EMI  Measurements:  Arcjet  Firing  #7,  deck  mounted  antenna. 


Bit  Error  Rate  Test 

e> 

The  BER  test  enabled  a  quantified  assessment  of  the  jiffect  of  the  arcjet  on  the  satellite 
ranging  channel.  A  series  of  baseline  measurements  were  made  while  the  arcjet  was  off,  and 
with  the  vehicle  in  several  transmit  configurations  for  comparison  with  firing  data.  BER  tests 
were  conducted  during  arcjet  firings  #2,  #4,  and  #7,  shown  in  Figures  6, 7,  and  8,  respectively. 
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The  BER  data  is  displayed  as  the  number  of  bit  errors  per  second  vs.  time  and  trends 
proportionally  with  changes  in  slant  range,  the  shortest  distance  from  the  ground  station  antenna 
to  the  satellite.  Typical  values  are  -  2000  nm  when  the  satellite  signal  is  acquired/fades  and 
between  500  and  900  nm  at  the  maximum  elevation.  The  0  of  the  abscissa  is  defined  by  the 
minimum  slant  range  with  negative  values  representing  the  rising  satellite  (decreasing  slant 
range),  and  positive  values  representing  the  fading  satellite  (increasing  slant  range/). 

The  traces  shown  in  Figure  6  are  BER  curves  from  grcjet  firing  #  2  and  a  non-firing 
period.  The  two  curves  were  obtained  for  sequential  passer with  a  transmitter  power  of  100  W 
and  a  modulation  index  of  0.6.  Serving  as  a  non-firing  baseline,  the  easterly  satellite  orbit  had  a 
maximum  elevation  of  29  degrees  with  a  corresponding  minimum  slant  range  of  805  nm.  The 
arcjet  fired  during  the  westerly  orbit  and  was  ignited  prior  to  and  continuously  fired  for  the 
duration  of  the  BER  test.  The  maximum  elevation  was  33  degrees  and  the  minimum  slant  range 
was  740  nm,  one  revolution  after  the  easterly  pass. 

The  variation  in  bit  error  rates  for  the  baseline  and  arcjet  firing  passes  are  of  nearly  the 
same  magnitude  (about  +/-  25  bit  errors  per  second),  with  the  notable  exception  at  about  100 
seconds  after  maximum  elevation.  The  arcjet  firing  trace  has  five  sync  losses  (errors  m  the 
synchronization  frame)  and  three  counts  of  350  bit  errors  per  second  or  more.  It  is  possible  that 
the  increase  in  error  may  result  from  adverse  effects  of  arcjet  emissions;  however,  such  sync 
losses  and  increases  in  error  rate  are  also  observe^  in  several  baseline  BER  curves.  A  detailed 
study  of  the  baseline  data  is  underway  feg-the-purpose  ef  identifying  the  cause  of  the  features  in 
the  arcjet  BER  curve. 

Figure  6  -  Arcjet  Firing  #7  BER  curve  displayed  with  non-firing  baseline  jass  token  under 

similar  conditions. 

The  BER  curve  taken  during  arcjet  firing  #  4  is  shown  in  Figure  7.  The  transmitter  power 
was  100  W  with  a  modulation  index  of  0.6“andJhe  easterly  orbit  had  a  maximum  elevation  of  67 
degrees  and  minimum  slant  range  of  497  nm.  A  prominent  feature  in  this  BER  curve  is  the 
sudden  reduction  in  bit  error  rate.  The  arcjet  turns  off  275  seconds  after  maximum  elevation; 
however,  a  sudden  decrease  in  bit  error  rate  is  noted  about  20  seconds  before  that.  The 
maximum  error  in  the  time  axis  is  8  seconds,  too  little  to  account  for  this  difference  in  time.  The 
BER  test  is  extremely  sensitive  to  transmitter  power  and  it  was  noted  that  1  dB  change  m  output 
power  causes  more  than  a  factor  of  2  change  in  the  measured  BER.  The  CPCA  high  power 
amplifier  is  a  Class  C  type  and  is  susceptible  to  output  power  drifting  when  operated  at  less  than 
full  output  power.  This  behavior  was  observed  in  the  early  stages  of  testing  and  may  be  the 
cause  of  the  observed  change  in  BER  noted  in  Figure  7.  Sync  losses  are  represented  by  the  curve 
dropping  to  0  bit  errors  per  second. 

Figure.  7  -  Arcjet  Firing  #Jl  BER  gurve. 

The  final  arcjet  firing  BER  curve  was  obtained  with  a  transmitter  power  of  200  W  and  a 
modulation  index  of  0.6.  The  westerly  pass  had  a  maximum  elevation  of  53  degrees  and  a 
minimum  slant  range  of  550  nm.  The  BER  test  continuously  recorded  data  before,  during  and 
after  the  arcjet  firings.  The  two  distinct  arcjet  firings  are  denoted  by  the  shaded  boxes  in  Figure 
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8.  The  overall  error  rate  is  reduced  in  this  trace,  as  compared  to  the  earlier  data  because  of  the 
increased  transmitter  power.  The  bit  error  rate  shown  under  the  left  hand  shaded  box  does  not 
differ  substantially  from  either  baseline  error  rates  (either  side  of  the  shaded  areas);  however,  the 
error  rate  seems  to  increase  for  the  right  hand  shaded  box.  This  may  be  the  result  of  atypical 
arcjet  operation,  as  it  is  known  that  the  arcjet  firing  terminated  prematurely  due  to  insufficient 
battery  energy.  The  arcjet  was  operating  out  of  specification  and  may  have  been  generating 
unusual  EMI.  In  addition,  it  should  be  noted  that  the  initial  arcjet  shut  down  and  reignition  were 
unintentional.  The  arcjet  was  intended  to  continuously  fire  for  5  minutes,  but  because  of  battery 
problems^ t  shut  itself  down  and  reignited  one  time. 

Figure  8  -  Arcjet  Firing  #  7  BER  curve. 
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In  summary,  three  arcjet  firings  and  over  thirty  baseline  BER  curves  were  recorded 
during  the  ESEX  flight.  Preliminary  analysis  of  the  data  did  not  reveal  a  clear  correlation 
between  features  observed  in  the  arcjet  firing  curves  and  the  operation  of  the  arcjet.  Similar 
features  are  identifiable  in  the  baseline  BER  curves.  Further  analysis  must  be  conducted  to 
determine  the  causes  of  the  observed  features  before  the  impact  of  arcjet  operation  on 
communications  will  be  understood. 


Conclusions 


All  of  the  electromagnetic  interference  test  objectives  were  achieved.  Though  further 
analysis  of  the  BER  data  may  prove  otherwise,  no  indication  that  the  arcjet  adversely  affects 
normal  spacecraft  communications  and  operations  was  clearly  identified.  The  30  kW  class  arcjet 
operated  satisfactorily  in  the  space  environment  and  the  onboard  antennas  did  not  register  data 
values  that  differed  from  firing  to  non-firing  periods,  suggesting  low  EMI  arcjet  output.  The 
BER  curves  from  arcjet  firing  and  non-firing  periods  differ  slightly,  but  more  data  analysis  is  ^ 
required  before  a  firm  conclusion  may  be  drawn.  However,  it  is  unlikely  that  operation  of  a  30  J/ 
kW  class  arcjet  will  adversely  affect  normal  spacecraft  communications. 
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EMI  experiment  block  diagram. 


Deck  Mounted  Antenna;  Arcjet  Firing  #  7 
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Arcjet  Firing  #  2  and  Baseline  BER  Curves 
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Arcjet  Firing  #4  BER  Curve  with  Arcjet  Operation  Indicated 
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Arcjet  Firing  #7  BER  Curve  with  Arcjet  Operation  Indicated  by  Shaded  Boxes 


pUO09S  J9d  SJ0JJ3  jxq 


e  relative  to  maximum  elevation  (seconds) 


